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Abstract. Ultraviolet B (UVB) exposure causes damage 
to skin and represents the primary etiological agent for skin 
cancer formation. UVB induces DNA damage and apoptosis 
in epidermal cells. In this study, we demonstrated that UVB 
activated autophagy in JB6 epidermal cells, which was evident 
by the formation of LC3 puncta, the induction of LC3 lipida- 
tion, the increase in beclin 1 expression, and the decrease in the 
levels of p62. Autophagy appeared to be a protective response 
to UVB -induced damage because inhibition of autophagy 
exacerbated UVB-induced cell death, and stimulation of 
autophagy offered protection. Furthermore, we demonstrated 
that glycogen synthase kinase 3(3 (GSK3(3) was involved in 
UVB-induced autophagy. UVB inhibited GSK3(3 activation 
by simultaneously enhancing phosphorylation at Ser 9 and 
suppressing Tyr 216 phosphorylation. GSK3(3 negatively regulated 
autophagy; overexpression of wild-type or S9A (constitutive- 
active) GSK3(3 mutant inhibited UVB-mediated autophagy, 
while overexpression of a dominant-negative K85R mutant 
enhanced UVB-mediated autophagy. Inhibition of GSK3(3 
also offered protection against UVB-mediated damage. UVB 
activated AMP-activated protein kinase (AMPK), an important 
regulator of autophagy through the inhibition of GSK3(3. Taken 
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together, our results suggest that UVB-stimulated autophagy is 
a protective response for epidermal cells and is mediated by the 
GSK3(3/AMPK pathway. 

Introduction 

UV irradiation is a major environmental stressor that results 
in altered cutaneous functions: for example, induction of 
inflammation, dyspigmentation, premature aging, skin cancer, 
and attenuation of barrier function (1). The terrestrial solar 
UV spectrum can be divided into UVA (320-400 nm), UVB 
(280-320 nm), and UVC (200-280 nm). Wavelengths in the UVB 
region are absorbed into the epidermis of the skin and cause skin 
disorders such as the formation of sunburn cells (apoptotic cells) 
and skin cancer (2,3). 

UVB causes DNA damage and apoptosis of epidermal 
cells, and the signaling pathways associated with UVB-induced 
cell death have been extensively investigated (3). However, the 
cellular self-protection system in which epidermal cells respond 
to UVB is unclear. Autophagy is an intracellular degrading and 
recycling process by which organelles, cytoplasmic compo- 
nents, and invading pathogens are delivered to lysosomes for 
degradation (4,5). This process recycles cellular components 
and produces building blocks under stress conditions/nutrient 
starvation; it also eliminates damaged proteins/organelles (4-6). 
Therefore, autophagy has been proposed to be a cellular 
self-protection process in response to stress conditions (7,8). 
However, some studies suggest that autophagy may contribute 
to cellular damage (7). 

In this study, we examined the effect of UVB on autophagy 
in a mouse epidermal cell line (JB6). JB6 cells have been 
extensively used to study the mechanisms of epidermal cell 
transformation (9-11). UVB causes the death of JB6 cells in the 
form of apoptosis (12). We demonstrated that UVB activated 
autophagy in JB6 cells, and autophagy appeared to be a protec- 
tive response to UVB-induced damage. Furthermore, we showed 
that GSK3(3 negatively regulated autophagy and inhibition of 
GSK3(3 also offered protection against UVB-induced cell death. 
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Materials and methods 

Materials. LiCl, bafilomycin Al, wortmannin, rapamycin, 
3-methyladenine (3-MA) and anti-actin antibody were 
purchased from Sigma (St. Louis, MO, USA). Anti-beclin 1 
antibody was purchased from Abeam (Cambridge, MA, 
USA). Anti-LC3 antibody was purchased from Medical 
and Biological Laboratories (Nagoya, Japan). The anti- 
bodies directed against GSK3P, phospho-GSK3(3, AMPK, 
phospho-AMPK and p62 were obtained from Cell Signaling 
Technology (Beverly, MA, USA). 

Cell culture and UVB irradiation. JB6 mouse epidermal cells 
(CI 41) were cultured in EMEM supplemented with 10% fetal 
bovine serum (FBS), 2 mM L-glutamine, 25 pg/ml gentamicin, 
100 U/ml penicillin and 100 fig/ml streptomycin at 37°C with 
5% C0 2 . The establishment of JB6 cell lines stably expressing 
wild-type GSK3(3 (WT), constitutively active GSK3f5 (S9A), 
and dominant-negative GSK3(3 (K85R) have been previously 
described (10). The cells were irradiated with a UVB lamp 
(UVP, 0-400 mJ/cm 2 ) as previously described (13) and then 
incubated at 37 °C for the indicated time. 

Detection of LC3 puncta. GFP-LC3 plasmid was a generous 
gift from Dr Gutterman (University of Texas MD Anderson 
Cancer Center, Houston, TX). Transfections were performed 
using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer's protocol. At 24 h after transfec- 
tion, cells were exposed to UVB irradiation and were examined 
by a fluorescence microscope at indicated times. The GFP-LC3 
puncta/cell were quantified as previously described (14,15). For 
each group, twenty cells in randomly selected visual fields were 
counted. The experiment was replicated three times. 

Determination of cell viability. Cells were exposed to UVB 
irradiation at indicated dosages and incubated for 24 h. 
Cell viability was determined by MTT assay as previously 
described (16). 

Immunoblotting. The procedure for immunoblotting has been 
previously described (10). Briefly, cells were washed twice 
with PBS and lysed with RIPA buffer [150 mM NaCl, 0.1% 
sodium dodecyl sulfate (SDS), 50 mM Tris (pH 8.0), 0.5% 
deoxycholic acid sodium, 1% Nonidet P-40 (NP-40), 0.1 mg/ml 
phenylmethylsulfonyl fluoride, 3% aprotinin, and 1 mM sodium 
orthovanadate] on ice for 10 min. Cell lysates were centrifuged 
at 12,000 rpm at 4°C for 10 min. The supernatant was then 
collected and the protein concentration was measured with a 
protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). 
An aliquot of the total protein (40 fig) was loaded into each lane 
of an SDS-polyacrylamide gel. The protein was electrophoreti- 
cally transferred to nitrocellulose membranes and blocked with 
5% BSA in 0.01 M TBS (pH 7.4) and 0.05% Tween-20 (TBST) 
at room temperature for 1 h. The blots were probed with primary 
antibodies for 2 h at room temperature or overnight at 4°C. After 
three quick washes with TBST, the membranes were incubated 
with horseradish peroxidase-conjugated goat anti-rabbit or goat 
anti-mouse IgG (Amersham, Arlington Heights, IL, USA) for 
1 h and the bands were visualized with the enhanced chemilu- 
minescence method (Amersham). 



Statistical analysis. All the data are expressed as the mean ± SD 
from at least three independent experiments. The statistical 
analysis was performed using the analysis of variance (ANOVA) 
followed by post hoc analyses. A value of p<0.05 was consid- 
ered statistically significant. 

Results 

UVB irradiation activates autophagy. First, we examined the 
effect of UVB irradiation on autophagy in cultured JB6 mouse 
epidermal cells. The synthesis and conversion of LC3 is connected 
closely with the level of autophagy, making it a key marker in 
cells (17). The formation of LC3 puncta is an important indication 
of autophagy. We transfected JB6 cells with a GFP-LC3 plasmid, 
then examined the distribution and amount of green fluorescence 
LC3 puncta. We determined the effect of UVB irradiation at 0, 
25, 100, 400 mJ/cm 2 after 24 h of exposure. As shown in Fig. 1, a 
significant increase of LC3-GFP puncta formation was observed 
after UVB exposure at 100 mJ/cm 2 . UVB irradiation at 25 or 
400 mJ/cm 2 did not alter LC3 puncta. LC3 lipidation, which is 
indicated by the formation of LC3-II, is an index of autophagy. 
We demonstrated that UVB irradiation (100 mJ/cm 2 ) increased 
the level of LC3-II (induction of LC3 lipidation) in JB6 cells in a 
time-dependent manner (Fig. 1C). Meanwhile, the expression of 
beclin 1 was upregulated, but the level of p62 was downregulated 
(Fig. 1C). Beclin 1, also known as Atg6, is a protein required 
for the formation of the initial autophagic structure, while p62 is 
regulated by autophagy-dependent degradation. Together, these 
results suggested that UVB irradiation activated autophagy. 

We next sought to determine the role of autophagy in UVB 
irradiation-induced cell death. As shown in Fig. 2, activation 
of autophagy by rapamycin offered protection, whereas inhibi- 
tion of autophagy by bafilomycin Al, wortmannin, or 3-MA 
exacerbated UVB irradiation-induced cell death. These results 
suggested that autophagy was a protective response to UVB 
irradiation-induced damage. 

The involvement of GSK3ft in UVB -activated autophagy. The 
activity of GSK3(3 is negatively regulated by the phosphoryla- 
tion at Ser 9 , but positively at Tyr 2 " 5 (18). We showed that UVB 
irradiation increased the level of pGSK3(3 (Ser 9 ) and decreased 
pGSK3(3 (Tyr 216 ), indicating it inhibited GSK3(3 activity (Fig. 1C). 
To evaluate the role of GSK3(3 in UVB-induced autophagy, we 
established JB6 cells stably expressing various GSK3(3 mutants. 
These constructs included wild-type (WT), constitutive-active 
(S9A) and dominant-negative (K85R) GSK3(3. S9A mutant is 
resistant to inhibitory regulation by restraining phosphorylation 
at Ser 9 ; K85R mutant represents a deficit kinase and functions as a 
dominant-negative protein. We have previously shown they effec- 
tively stimulated or inhibited GSK3(3 activity, respectively (10). 
Overexpression of these exogenous GSK3(3 proteins was veri- 
fied by the expression of a V5 tag by immunoblotting (Fig. 3A). 
We demonstrated that manipulation of GSK3(3 activity altered 
UVB-mediated autophagy. Upon UVB exposure (100 mJ/cm 2 ), 
overexpression of WT and S9A GSK3(3 significantly decreased 
the number of LC3 puncta, whereas K85R GSK3(3 increased 
the amount of LC3 puncta (Fig. 3B). Consistent with this result, 
overexpression of WT and S9A GSK3(3 decreased the level 
of LC3-II and beclin 1; overexpression of K85R increased 
the expression of LC3-II and beclin 1. Together, these data 
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Figure 1. Effect of UVB onautophagy in JB6 cells. (A) JB6 cells were transfected with a GFP-LC3 plasmid and exposed to UVB irradiation (25 mJ/cm 2 , 100mJ/cm 2 , 
or 400 mJ/cm 2 ). The formation of GFP-LC3 punctate dots was visualized by a fluorescent microscope after incubation for 6 h. (B) The number of GFP-LC3 
puncta/cell was quantified as described under the Materials and methods. The experiment was replicated three times. * and ** denote statistically significant from 
the control group ( p<0.05; "p<0.01). (C) JB6 cells were exposed to UVB (100 mJ/cm 2 ) irradiation at specified times. The expression of p62, beclin 1, LC3 (LC3-I 
and LC3-II), GSK3p, and phosphorylated GSK3p (Ser' and Tyr 216 ) was detected with immunoblotting. The expression of actin served as a loading control. The 
experiment was replicated three times. 
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Figure 2. Effect of modulation of autophagy on UVB-induced cell death. 
JB6 cells were pretreated with rapamycin (10 nM), bafilomycin Al (10 nM), 
wortmannin (10 fiM), or 3-MA (5 mM) for 2 h and then irradiated by UVB 
(100 mJ/cm 2 ). After 24-h incubation at 37°C, cell viability was determined by 
MTT assay as described under the Materials and methods. The experiment was 
replicated three times. 1 and *** denote statistically significant from the control 
group ("p<0.05; *™p<0.001). 



suggested that inhibition of GSK3|3 resulted in an increase in 
autophagy. In parallel, overexpression of WT and S9A GSK3|3 
exacerbated UVB-induced cell death, whereas overexpression of 
K85R GSK3|3 protected cells against UVB-induced cell death 



(Fig. 4). Protection mediated by the inhibition of GSK3|3 was 
further supported by a study using lithium treatment. Lithium, an 
inhibitor of GSK3|3, reduced UVB-mediated cell death (Fig. 4). 

Interaction between AMPK and GSK3/3 in response to UVB. 
AMPK is a critical regulator of autophagy and activation of 
AMPK results in enhanced autophagy (19). We confirmed that 
UVB induced the phosphorylation of AMPK (Thr 172 ) in JB6 
cells (Fig. 5). We further investigated the relationship between 
AMPK and GSK3(3. Inhibition of GSK3(3 by lithium was suffi- 
cient to activate AMPK (Fig. 6A). Furthermore, overexpression 
of dominant-negative K85R GSK3(3 enhanced UVB -stimulated 
phosphorylation of AMPK (pAMPK), whereas overexpres- 
sion of S9A or WT GSK3(3 inhibited UVB-mediated pAMPK 
(Fig. 6B). These results suggested that GSK3(3 negatively regu- 
lated AMPK phosphorylation. 

Discussion 

In this study, we demonstrate for the first time that UVB can 
activate autophagy in epidermal cells, and autophagy appears to 
be a cytoprotective response to UVB-mediated damage. 

UVB irradiation causes DNA damage and apoptosis of 
epidermal cells, contributing to human skin cancer in the process 
of tumor initiator and promoter (20,21). Mouse JB6 cells are a 
well-established in vitro model to study UVB-mediated damage 
and transformation of epidermal cells (22-24). Using this model, 
we demonstrate that UVB-induced reduction in the viability of 
JB6 cells is accompanied by the increase of autophagy which is 
evident by the formation of LC3 puncta, induction of LC3 lipi- 
dation, increase in beclin 1 expression, and decrease in the level 





Figure 3. Effect of UVB on autophagy in JB6 cells stably expressing GSK3|3 mutants. (A) The expression of wild-type (WT), S9A and K85R GSK3f> in JB6 cells was 
confirmed by the expression of a V5 tag by immunoblotting. (B) JB6 cells stably expressing WT, S9A, and K85R GSK3f> were transfected with a GFP-LC3 plasmid 
for 24 h. After that, cells were treated with UVB irradiation (100 mJ/cm 2 ) and incubated for 6 h. The number of GFP-LC3 puncta/cell was quantified as described 
above. The experiment was replicated three times. * and ™* denote statistically significant from the control group (*p<0.05; ™*p<0.001). (C) JB6 cells stably expressing 
wild-type, S9A, and K85R GSK3f> were exposed to UVB irradiation (100 mJ/cm 2 ), and cell lysates were collected after 6 h of incubation. The levels of LC3 and 
beclin 1 were analyzed by immunoblotting. The expression of actin served as a loading control. The experiment was replicated three times. 
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Figure 4. Effect of UVB on the viability of JB6 cells expressing GSK3|5 mutants. JB6 cells stably expressing WT, S9A and K85R GSK3(2 were exposed to UVB 
irradiation (25 mJ/cm 2 , 100 mJ/cm 2 , or 400 mJ/cm 2 ). In some groups, JB6 cells were pretreated with LiCl (20 mM) for 1 h and then received UVB irradiation. 
After 24 h, cell viability was determined by MTT assay as described under the Materials and methods. The experiment was replicated three times. * and ** denote 
statistically significant from the control group (*p<0.05 and ™p<0.01). 
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Figure 5. Effect of UVB on AMPK phosphorylation. JB6 cells were treated with UVB irradiation (100 mJ/cm 2 ). The protein samples were collected at specified 
times. The expression of AMPK and phosphorylated AMPK (Thr 172 ) was determined by immunblotting. The expression of actin served as a loading control. The 
experiment was replicated three times. 
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Figure 6. Role of GSK3|3 in UVB-mediated activation of AMPK. (A) JB6 cells were pretreated with LiCl (20 mM) for specified times. The expression of AMPK and 
pAMPK (Thr 172 ) was examined with immunoblotting. The expression of actin served as a loading control. The experiment was replicated three times. (B) JB6 cells 
stably expressing wild-type, S9A and K85R GSK3|3 were exposed to UVB irradiation (100 mJ/cm 2 ) and incubated for 6 h. The expression of AMPK and pAMPK 
(Thr 172 ) was examined with immunoblotting. The expression of actin served as a loading control. The experiment was replicated three times. 
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of p62. Inhibition of autophagy by bafilomycin Al, wortmannin, 
or 3-MA exacerbates UVB-induced cell death. In contrast, 
activation of autophagy by rapamycin protects JB6 cells against 
UVB-mediated damage. This finding is consistent with a 
previous study showing that UV irradiation induced autophagy 
in A549 and H1299 cells (25,26). In that study, autophagy also 
seemed to be cytoprotective, and inhibition of autophagy exac- 
erbated UV-triggered apoptotic cell death in these cells (26). 
Similarly, autophagy was shown to be cytoprotective against 
apoptosis induced by DNA-damaging agents (25). 

It is interesting to note that UVB induces autophagy in a dose- 
dependent manner. At a low dosage, such as 25 mJ/cm 2 , UVB 
does not affect cell viability and autophagy. At 100 mJ/cm 2 , it 
causes cell death and activates autophagy. However, at a higher 
dosage, 400 mJ/cm 2 , it produces more cell death, but fails to 
activate autophagy (Fig. 1). It is likely that at a high dosage, 
UVB impairs autophagic machineries. This possibility remains 
to be investigated. 

Another important finding for this study is that glycogen 
synthase kinase 3(3 (GSK3|3) is involved in UVB-induced 
autophagy. GSK3|3, a serine/threonine protein kinase, which 
was first described in glycogen metabolism and insulin 
signaling (27,28), is involved in multiple biological events such 
as embryonic development, stem cell survival, differentiation, 
neurodegeneration, tumorigenesis, and cell death (18,29,30). 
We have previously shown that inhibition of GSK3|3 promotes 
the transformation of epidermal cells (10). GSK3|3 activity 
is regulated by site-specific phosphorylation. The activity of 
GSK3|3 is upregulated by phosphorylation on the Tyr 216 residue, 
and conversely, phosphorylation on Ser 9 inhibits GSK3|3 
activity. Phosphorylation of Ser 9 is mediated by a number of 
signaling pathways, such as PI3K/AKT, PKC, MAPK/p90RS, 
or mTOR/p70S6 (18,31). The mechanism for the regulation 
of phosphorylation at Tyr 216 is less clear. We demonstrate that 
UVB increases GSK3|3 phosphorylation at Ser 9 but inhibits 
its phosphorylation at Tyr 216 , indicating that UVB inhibits 
GSK3|3 activity. UVB is shown to activate MAPK, PKC, and 
PI3K/AKT signaling pathways (32). It is therefore likely that 
UVB-induced phosphorylation of Ser 9 is mediated by one or 
some of these pathways. Regardless of the mechanisms in 
which UVB inhibits GSK3|3, it is likely that UVB activates 
autophagy through the inhibition of GSK3|3 because dominant- 
negative GSK3|3 enhances UVB-induced autophagy, whereas 
overexpression of GSK3|3 inhibits UVB-induced autophagy 
(Fig. 3). These results suggest that GSK3|3 negatively regulates 
autophagy and UVB may affect autophagy by modulating 
GSK3|3 activity. 

AMP-activated protein kinase (AMPK), a crucial stress- 
sensing enzyme, is activated by a rise in the cellular AMP/ATP 
ratio. AMPK is an important mediator of autophagy (19). It has 
been demonstrated that activation of AMPK results in autophagy 
in human keratinocytes (33). Cadmium-induced activation 
of AMPK causes autophagy in JB6 cells (34). UV irradiation 
can regulate AMPK activity. For example, UVB is reported to 
activate AMPK in murine basal cell carcinoma and skin kerati- 
nocytes (35,36). UVC is shown to activate AMPK in pancreatic 
cancer cells (37). However, Zhang and Bowden (38) suggest that 
UVB inhibits AMPK in human keratinocytes. We demonstrate 
here that UVB activates AMPK in JB6 cells, and therefore 
UVB-mediated autophagy is regulated by AMPK (Fig. 5). 



There is considerable interaction between GSK3(3 and 
AMPK (39-42). The interaction appears to be two-way; that 
is, AMPK can affect GSK3(3 activity and is also regulated by 
GSK3(3. In our system, it appears that inhibition of GSK3(3 
results in AMPK activation (Fig. 6). More importantly, inhibi- 
tion of GSK3(3 by a dominant-negative GSK3(3 potentiates 
UVB-mediated AMPK activation, while overexpression of 
GSK3(3 inhibits UVB-induced AMPK activation. This is 
consistent with the effect of UVB/GSK3(3 on autophagy and 
supports a role of AMPK in UVB-mediated autophagy. 

UVB causes apoptosis in JB6 cells through complex 
mechanisms; it may be mediated by oxidative stress, PKC, or 
a p53-dependent manner (12,43,44). The signaling pathways 
for UVB-mediated autophagy and apoptosis may or may not 
overlap. Our study indicates the GSK3(3/AMPK pathway 
contributes to UVB-mediated autophagy. The interaction or 
cross-talk between the pathways governing autophagy and 
apoptosis in response to UVB remain to be studied. 
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